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Orientation of failure cracks of oblique mode at ductile shear fracture are measured for 
Fe80_xNixB20 (x = 10, 20, 30, 40, 50, 60) metallic glass ribbons (MGR) uniaxially extended 
with strain rate ~ from 3.3 x 10 _6 to 1.25 x 10 -3 s -1 at temperatures 300, 77 and 4.2 K. An 
angle between the failure crack and tension axis is found to depend non-monotonously on 
nickel concentration x and strain rate 4. These dependences are probably due to the presence 
of dilatancy in shear bands and its variation as a function of concentration, strain rate and 
temperature. 

Mean values of quenching stresses in ribbons are estimated by comparing experimentally 
measured values and those predicted by T. Thomas in 1 953. 

1. I n t r o d u c t i o n  
High local plasticity of material is a characteristic 
feature of metallic glasses. Their plastic deformation is 
as high as several tens per cent at rolling, compressing 
and bending. Plastic deformation of metallic glasses 
at low temperatures (T < 0.7Tg, the latter being 
the vitrification temperature) occurs non-uniformly, 
through the formation of localized shear bands, whose 
width does not exceed 0.05 #m while the local shear 
reaches 10 [1]. The appearance of such shear bands at 
uniaxial tension of MGR leads to the formation of 
rather high steps. These bring about local stress con- 
centration which eventually results in ductile shear 
fracture of MGR. 

Two modes of localized shear and ductile shear 
fracture have been reported [2]. The "45-degree" 
mode is characterized by the failure crack orientation 
along the plane of maximum shear stress, inclined to 
the broad face of a ribbon ("transverse" shear). In the 
"54-degree" mode the crack propagates along the 
plane that is parallel to zero elongation direction 
("oblique" shear). 

"Transverse" shear is associated usually with anti- 
plane strain, arising near the front of a crack oriented 
perpendicularly to the direction of tension. It was 
supposed [2] that such shear takes place in wide 
ribbons (with the width-to-thickness ratio not less 
than 8), when the grip effect initiates tearing of the 

ribbon edge and causes the antiplane strain state. On 
the other hand, the "oblique" shear was considered as 
typical of spontaneously originated localized strain in 
a thin narrow ribbon, under uniform uniaxial tension, 
when the width-to-thickness ratio was smaller than 8. 

According to the mathematical theory of plasticity 
[3, 4], the orientation of localized shear band (and 
hence of the failure crack at the "oblique" mode) is 
defined by purely geometrical considerations, that 
must provide for the absence of stress jump at the 
shear band boundary. At "oblique" shear in the zero 
elongation direction, the following conditions are 
satisfied: (a) Material continuity at the boundary of 
localized shear band; (b) coincidence of principal 
stress and strain axes, and hence of shear rate com- 
ponents, both outside and inside the band [3]. 

With due regard for these conditions, the theoreti- 
cal analysis [3] predicts the values of the angle 
between the shear band and the tension axis. These 
values of c~ are listed in Table I for the two criteria of 
plasticity and two values of Poisson's ratio: v = 0.5 
(incompressible body) and v = 0.35 (metallic glass 
FesoNi30B20 ) [5]. They are found [4] under the con- 
dition of constant volume in the course of plastic 
shear, i.e. at the absence of dilatancy. In what follows 
we will assume, in accordance with the results of [6], 
that plastic deformation in metallic glasses obeys the 
Tresca criterion. 
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T A B L E  I Theore t ica l  values  of  the angle  ~ between the shear  

band  and the tension axis [4]. 

v Von Mises  cr i ter ion Tresca cr i ter ion 

0.5 54.7 ~ 54.7 ~ 

39.2 ~ 
0.35 59.4 ~ 38.40 

51.5 ~ 

The concept of relative volume change accompany- 
ing a simple shear, i.e. of dilatancy, was introduced 
into the plasticity theory already by Reynolds [7]. 
Bowden and Jukes [8] showed that the angle c~ should 
change when a plastic shear is accompanied by 
dilatancy. This is caused by additional displacement 
of the shear band boundary due to the change of band 
volume which violates the conditions of zero elong- 
ation. To meet these conditions, the angle e should be 
increased accordingly, the higher the dilatancy [8]. 

In this work the failure crack orientation is studied 
i~ the oblique mode of ductile shear fracture at uni- 
axia*tly MGR tension and the obtained regularities are 
compared with the existing state of art. 

h 

[L 
Figure 1 Schemat ic  view of  o b l i q u e - m o d e  duct i le  shear  f rac ture  of  

M G R .  ct is the angle  between the failure c rack  direct ion and  tens ion 

axis; h is the fracture  "he igh t " .  

2. Experimental procedure 
Samples of MGR FeB0 .,.NixB20 (x = 10, 20, 30, 40, 
50, 60) prepared by planar flow casting had the dimen- 
sions about 0.025 x 10 x 20ram 3. They were 
tensioned with rates from 0.004mmmin-t  to 
1.hmmmin -~ up to fracture at 300, 77 and 4.2K. 
Fractographic analysis of fracture surfaces was 
accomplished in a scanning electron microscope 
"TESLA BS-300". The angles e was measured to 
within 1 ~ and the oblique fracture height h = d.ctg e, 
d being the width of oblique fracture zone, to within 
0.2ram (Fig. I). 

3. Results and discussion 
3.1. Realization of oblique fracture mode 
L. Davis [2] has shown that arising of oblique shear in 
wide ribbons is impeded by the twisting influence of 
the grips which leads to tearing of a ribbon edge and 
to arising of a shear in a one of the maximum shear 
stress planes ("45-degree" mode). 

In this connection we used such a method of fixing 
ribbon samples in grips, that provided uniform uni- 
axial loading during the tension, and as the thing 
turned out, both oblique shear and oblique fracture 
mode became available in wide ribbons. As a rule 
these were usually observed as a combination of 
oblique and transverse fracture modes, schematically 
shown in Fig. 1. Electronmicroscopic observations 
showed a vein pattern on oblique mode fracture 
surfaces, being an indication of preceding "54-degree" 
shear. 

3.2. Composit ion dependence of oblique 
mode orientation 

Initial qualitative observations showed that the angle 
is often very much different from 54 ~ . Since the 

mathematical plasticity theory strictly indicates the 
dependence of e on material properties, in particular, 
on its compressibility [4] and dilatancy value [8], we 

conducted systematical measurements of e for dif- 
ferent amorphous alloys under different strain con- 
ditions. These measurements have been carried out for 
the parts of fracture surfaces corresponding to the 
oblique shear. These parts were selected on the basis 
of microscopic observations. 

To reveal the qualitative regularity preliminary 
measurements were not made of the e, but of the 
height h (Fig. 1). The averaged h values under various 
deformation conditions were found from four measure- 
ments. The results are shown in Fig. 2. The outlined 
correlation field indicates that h tends to maximum at 
x = 30 a t % N i .  

We have studied the results of ~t measurements by 
statistical dispersion analysis to make clear how these 
results are affected by some factors of the experiment 
(Ni-concentration x, ~ and T). In Table II average 
values of e are listed for different nickel concen- 
trations, strain rates and temperatures. 90% intervals 
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Figure 2 Concen t r a t i on  dependence  of  average  height  h of  obl ique-  

m o d e  fracture  for Fes0_,.NixB20 alloys. 3 0 0 K  = circles; 
7 7 K  = squares;  4 , 2 K  = rhombus ;  3.3 �9 10 6 S - I  = full symbols;  

1.25 �9 10 -4 s l = empty  symbols;  1.25 �9 10 -3 s -~ = ha l f - fu l l  

symbols .  
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300 K 

x k 3.3 X 10 -6  1.33 x 10 -s 1.25 x 10 -4 1.25 X 10 -3  )51 

l0 45.0 4- 6.5 39.6 + 4.1 59.4 _+ 3.5 40.0 + 4.6 
20 42.7 4- 5.3 43.3 _ 3.8 38.7 + 3.8 40.4 + 3.3 
30 40.0 + 3.8 36.2 + 4.1 34.3 4- 3.5 39.0 • 2.8 
40 42.5 4- 4.6 38.3 • 5.3 43.8 _+ 4.6 39.3 _+ 3.5 
~.,. 42.5 39.8 43.6 39.7 

x 77 K 

45.9 
41.6 
37.4 
40.8 

60 

10 - - 63.8 _ 3.2 64.3 + 3.6 64.1 
20 - - 65.0 4- 2.8 60.0 + 4.5 62.5 
30 48.8 ___ 2.8 43.2 + 2.6 38.4 _+ 2.8 44.1 • 2.4 43.6 
40 - - 48.3 • 3.6 51.0 • 2.8 49.7 
Yx 48.8 43.2 53.8 54.9 

of reliability are also shown on the assumption that 
the experimental data are normally distributed. 

Statistical processing has confirmed that c~ essen- 
tially depends (with 99% probability) on nickel 
atoms concentration. This result is shown in Fig. 3a 
and b from which it is clear that if the dependence 
of c~ on Ni concentration does exist, then it has a 
minimum at x = 30 at % Ni. Since the Poisson ratio 
of Fes0_xNixB20, alloys varies monotonously in the 
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T A B L E  I I  The average values of c~ and 90% intervals of reliability for different Ni atoms concentrations, strain rates and tem- 

peratures, x - Ni atoms concentration, i - strain rate, Yx - column average, ~ - line average. 
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Figure 3 Concentration dependence of average angle c~ of oblique 
mode orientation in Fes0_xNixB20 at strain rates 1.25 �9 10 -3 s ~ (o)  
and 1.25.10 -4 s -I (e): (a) 77K, (b) 300K. 
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range x = 10-40 at % [5], then the possible change of 
e, connected with the change of v [4] must be monot- 
onous too. Hence, non-monotonous dependence of 
on x is not connected with different compressibility of 
alloys and different v values. Moreover, the ct depend- 
ence on v, predicted by the theory [4], is considerably 
weaker than that observed experimentally. The 
observed e(x) dependence can be explained pro- 
ceeding from the notion of e dependence on dilatancy. 
The value of dilatancy for metallic glasses is not 
known at present. But it may be supposed that in 
the Fes0_xNixB20 system dilatancy is minimum for 
FesoNi30B20 on the ground of some thermodynamic 
characteristics of this system. 

It is known [9] that FesoNi30B20 is the most thermo- 
dynamically stable alloy. It has maximum crystal- 
lization temperature Tc and minimum crystallization 
heat AHc in the system studied (Fig. 4). If  we consider 
A//~ using the configurational approach, then its mini- 
mal value must correspond to the minimal change of 
specific volume during crystallization. Since some 
researchers suppose [10] that the atomic rearrange- 
ments during crystallization and plastic deformation 
of glasses are similar, it is natural to expect that the 
specific volume change A V at plastic deformation is 
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Figure 4 Concentration dependence of crystallization heat and 
initial crystallization temperature Tx in Fes0_xNixBzo [9]. 
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Figure 5 C o n c e n t r a t i o n  d e p e n d e n c e  o f  f r a c t u r e  stress ~rf a n d  m i c r o -  

h a r d n e s s  H V M  in Feso_xNixB20 [11]. 

also minimal for FesoNi30B20. Then dilatancy of this 
alloy is minimum as well, which explains the dis- 
covered minimum of ~. Such an idea could be checked 
indirectly by measuring the hydrostatic pressure effect 
on the flow stress of Fes0_xNixB20. However, such 
data are not known to the authors. 

The concept of minimum dilatancy expected for 
FesoNi30B20 also agrees with the data on the strength 
of M G R  Fe80_xNi x B20.  It is known that in this system 
non-monotonous concentration dependence of micro- 
hardness H V M  and fracture stress a I at ductile shear 
fracture under tension is observed [11] (Fig. 5). 
Maximum o- I and H V M  are reached for FesoNi30B20, 
where possible splitting of material owing to dilatancy 
under nucleation and development of plastic shear is 
minimal. Figure 6 showing the correlation field that 
characterizes the relation between h and o-lserves as an 
evidence of the dilatancy y-o-r correlation existence. 
Unequivocal clarification of the physical nature of this 
phenomenon requires further development of the 
theory of plastic deformation and fracture of metallic 
glasses. 
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Figure 6 C o r r e l a t i o n  o f  the  a v e r a g e  he igh t  h o f  ob l ique  f r a c t u r e  

m o d e  a n d  f r a c t u r e  s t ress  Gj o f  Feg0_~Ni~B20 a t  the  s t r a in  r a t e  

1 .25-  10 -4 s - l .  300 K - full symbo l s ;  77 K - hal f - ful l  symbo l s ;  

4 . 2 K  - e m p t y  symbols ,  x = 10 - circles; x = 20 - t r iangles ;  

x = 30 - squa res ;  x = 40 - r h o m b s ;  x = 50 - o v e r t u r n e d  

t r iangles ;  x = 60 - circles wi th  s t rokes .  
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Figure 7 St ra in  r a t e  d e p e n d e n c e  o f  the  a v e r a g e  ang le  c~ o f  ob l ique  

m o d e  o r i e n t a t i o n  in Fes0 Ni30 B20 a t  77 K (O) a n d  300 K ( e ) .  

3.3. Strain rate and temperature effect on 
oblique mode orientation 

Statistical analysis of Table II data shows that though 
the strain rate dependence of c~ is significantly weaker 
than concentrational one, the strain rate effect is so 
essential that the ~ on x dependence vanishes under 
some strain rates and temperatures (Fig. 3b). This 
may indicate that thermal activation and relaxation 
processes affect nucleation and development of plastic 
shear followed by fracture. 

Note that such effect is not equivocal. On the one 
hand, free volume relaxation near the elementary 
shear must cause dilatancy decrease with the decrease 
in 8. On the other hand, the anticipated increase of the 
elementary shears number with the decrease in ~ [12] 
may, in its turn, increase the dilatancy. Figure 7 
demonstrates that the influence of ~ on ~ is complex 
indeed. It is seen that at the given x there is a minimum 

that must correspond to minimal dilatancy. How- 
ever, it was established [12] that at the same strain rate 
there exists a minimum of o- I, and the concentration 
dependence of o-j is weak. Hence, the supposed cor- 
relation of dilatancy and ~j-would have been broken. 
These inconsistencies emphasize the necessity of a 
preliminary theoretical analysis, taking into account 
the elementary shears interactions [13]. 

The temperature effect on ~ manifests itself in a 
simple increase of ~ with the decrease of temperature, 
non-monotonous dependence cffx) being conserved 
(Fig. 7). 

3.4. Mean amplitude of quenching stresses in 
MGR 

The spread of experimental values of ~ for each alloy 
may be due to internal quenching stresses in ribbons 
or to a combination of oblique and "45-degree" 
modes (the trace of the latter on ribbon surface is 
orthogonal to tension axis). But systematical devi- 
ations of measured ~ to lower and not higher values 
than theoretical ones [3, 4] make us assume that these 
deviations are not due to the "45-degree" mode, but to. 
quenching stresses. Longitudinal bending of MGR 
under investigation (Fig. 8) is a macroscopic manifes- 
'ration of these stresses. 

Knowing the sag y of the ribbon with the width w, 
it is possible to estimate the difference AO-q of the 
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Figure 8 Schematic view of ribbon cross-section under longitudinal 

bend. 

quenching stress ~rq on the contact (dull) and noncon- 
tact (shining) surfaces of a ribbon: 

4ty 
Aaq - w2 E (1) 

where t is the ribbon thickness, E is the Young 
modulus. Measured values of y ranged from 150 to 
210/~m, that gives Aaq = 25 + 35MPa. 

Since A% is oriented perpendicularly to the ribbons 
axis, it is natural to assume the same orientation for 
%. Then under tension the principal stress axis 
becomes inclined to that of the ribbon by the angle A~: 

A~ = arctg aq (2) 
o- 

with a being the tension stress. In this case 

= ~ t h  - -  A ~  (3) 

eth being the angle, predicted by [3, 4]. This explains 
the sign of the e deviation from ~h. Since the absolute 
values of Ac~ are as high as 8 ~ then for % = o- I tg zXe 
we obtain aq ~ 0.14 o)--- 420MPa. It is in good 
agreement with the literature data [14]. 

Hence, it follows that the existence of internal 
quenching stresses in MGR may be responsible for the 
main difficulties of dilatancy estimation. It seems that 

the unreal dilatancy estimate in [8] was caused by 
disregarding the possible internal stresses. Since the 
concentration dependence of aq is not known, the 
concentration dependence of the dilatancy supposed 
above must be regarded carefully. 

Thus, the observed difference of oblique mode 
failure crack orientations from the theoretical ones 
can be explained by a kind of elastic anisotropy due to 
quenching stresses, mainly stemming from non- 
uniform heat removal during the MGR preparation. 

References 
1. T. MASUMOTO and R. MADDIN.  Acta metall. 19 

(1971) 725. 
2. L. A. DAVIS, Scripta Met. 9 (1975) 339. 
3. T. Y. THOMAS,  Proceedings of the National Academy of  

Science of the USA, 39 (1953) 257, 
4. T. Y. THOMAS,  ibid. 39 (1953) 266. 
5. C. P. CHOU,  k. A. DAVIS and R. HASEGAWA,  J. 

Appl. Phys. 50 (1979) 3334. 
6. P. E. DONOVAN,  Mater. Sci. Eng. 98 (1988) 487. 
7. O, REYNOLDS,  Phi/. Mug. 20 (1985) 46. 
8. P. B. BOWDEN and J. A. JUKES,  J. Mater. Sci, 7 

(1972) 52. 
9. T. KEMENY,  B. VINCZE, B. FOGARASSY and 

J. BALOGH, in Amorphous  Metallic Materials, edited by 
P. Duhaj and P. Mrafko (Veda, Bratislava, 1980) p. 183. 

I0. M. SCOTT, ibid. p. 291. 
I1. V. Z. BENGUS, E. D. T A B A C H N I K O V A ,  E. B. KOR- 

OLKOVA and P. DUHAJ,  Proceedings of the Seminar, 
"Structure and Properties of  Metallic and Nonmetallic 
Glasses", edited by V. A. Zhuravlev (Izhevsk, 1987) p. 105 (in 
Russian). 

12. v, Z. BENGUS, E. D. T A B A C H N I K O V A ,  E. B. KOR- 
OLKOVA and L. V. SCHL1K, Proceedings of 3rd USSR 
Conference, "'Research of the Structure in Amorphous  
Metallic Alloys", edited by Ju. A. Skakov (Moscow, 1988) 
p. I1., p. 321 (in Russian). 

13. A. S, ARGON and L. T. SHIR, Acta Metall. 31 (1983) 
499. 

14. Z. H. L1N and D. S. DA1, J. Magn. Mag. Mat. 31-34 
(1983) 1540. 

Received 16 December 1988 
and accepted 7 June 1989 

1602 


